Sexually na€ ıve estrous female mice seek out male urinary pheromones; however, they initially display little receptive (lordosis) behavior in response to male mounts. Vomeronasal-accessory olfactory bulb inputs to the medial amygdala (Me) regulate courtship in female rodents. We used a reversible inhibitory chemogenetic technique (Designer Receptors Exclusively Activated by Designer Drugs; DREADDs) to assess the contribution of Me signaling to females' preference for male pheromones and improvement in receptivity normally seen with repeated testing. Sexually na€ ıve females received bilateral Me injections of an adeno-associated virus carrying an inhibitory DREADD. Females were later ovariectomized, treated with ovarian hormones, and given behavioral tests following intraperitoneal injections of saline or clozapine-N-oxide (CNO; which hyperpolarizes infected Me neurons). CNO attenuated females' preference to investigate male vs. female urinary odors. Repeated CNO treatment also slowed the increase in lordosis otherwise seen in females given saline. However, when saline was given to females previously treated with CNO, their lordosis quotients were as high as other females repeatedly given saline. No disruptive behavioral effects of CNO were seen in estrous females lacking DREADD infections of the Me. Finally, CNO attenuated the ability of male pheromones to stimulate Fos expression in the Me of DREADD-infected mice but not in non-infected females. Our results affirm the importance of Me signaling in females' chemosensory preferences and in the acute expression of lordosis. However, they provide no indication that Me signaling is required for the increase in receptivity normally seen after repeated hormone priming and testing with a male.
Introduction
The medial amygdala (Me) is an important chemosensory integration center in the rodent brain that responds to a wide range of pheromonal cues critical for reproduction. The Me receives olfactory information via projections from both the accessory olfactory system (AOS) and the main olfactory systems (MOS) . In the AOS, sensory neurons in the vomeronasal organ (VNO) detect non-volatile, heavy molecular weight chemosignals. These VNO neurons, in turn, convey sensory inputs to the accessory olfactory bulb (AOB) (Restrepo et al., 2004; Baum & Kelliher, 2009) . AOB mitral cells then project to the Me, which in turn projects to the bed nucleus of the stria terminalis (BNST) as well as hypothalamic regions including the ventromedial hypothalamus (VMH) and medial preoptic area (MPA). Chemosensory inputs along this pathway control reproductive behaviors in rodents of both sexes (Kevetter & Winans, 1981; Choi et al., 2005; Pardo-Bellver et al., 2012) . The Me also receives information about volatile, low molecular weight chemosensory cues detected by the MOS via direct projections from mitral cells in the ventral portion of the main olfactory bulb (MOB) (Pro-Sistiaga et al., 2007; Kang et al., 2011a; Bader et al., 2012; Thompson et al., 2012) . In both male and female mice, pheromonal inputs from the MOS and the AOS are integrated in the Me (Scalia & Winans, 1975; Kang et al., 2009 Kang et al., , 2011b .
The Me plays an important role in controlling the expression of both paracopulatory and receptive mating behavior in female mice. Neurons in different subregions of the Me express the immediate early gene, c-fos, in response to pheromonal stimuli based on the salience of the stimulus (Samuelsen & Meredith, 2009 ). Electrophysiology experiments have shown that neurons in the Me respond selectively to chemosensory stimuli from same sex as well as opposite sex conspecifics (Bergan et al., 2014) . Past mating experience can also alter Me responsiveness to different pheromonal stimuli (Halem et al., 2001) . Exposure to exocrine gland-secreting peptide-1 (ESP1), a putative pheromone found in the tear secretions of male mice, increased the expression of Fos in the Me of both male and female mice and augmented the expression of lordosis behavior in estrous females (Haga et al., 2010) .
Electrolytic lesions that extended across the anterior and posterior extent of the Me in sexually na€ ıve female mice decreased lordosis behavior (DiBenedictis et al., 2012) . In the same study, lesions of the Me reduced females' preference to investigate testes-intact male urine vs. castrated male urine. This result further highlights the role of the Me in processing pheromonal stimuli that facilitate courtship behavior in female mice. Optogenetic silencing of the projection neurons from the AOB to the Me in sexually experienced females also reduced lordosis (McCarthy et al., 2017) . This result suggests that chemosensory inputs to the Me from the AOB are required for female mice to show full receptivity even after the prior receipt of mating experience.
Numerous previous studies found that sexually na€ ıve estrous female mice initially show low levels of lordosis in response to male mounting, whereas progressively higher levels of receptivity are displayed over repeated test days with a stud male (Thompson & Edwards, 1971; Laroche et al., 2009a,b; Bonthuis et al., 2011; Ismail et al., 2011; McCarthy et al., 2017) . Repeated pairing with a stud male as well as s.c. injections of estradiol benzoate and progesterone in the correct sequence is required for sexually na€ ıve ovariectomized female mice to show full blown copulatory behaviors. A study by Thompson and Edwards (1971) found that hormone priming in the absence of a male or exposure to a male in the absence of hormone priming was not sufficient to increase receptivity in female mice. The results of this study indicate that both the integration of ovarian hormone cues and sensory cues from the male (such as olfactory, visual, or somatosensory cues presented during mating tests) are important for female mouse receptivity. One potential point of integration for these cues is the Me; however, the role of the Me in this progressive increase in the expression of lordosis with repeated mating experience is unknown. We used an inhibitory chemogenetic technique, known as Designer Receptors Exclusively by Designer Drugs (DREADDs), that allows for acute, reversible silencing of neuronal populations to look more closely at the role of the Me in controlling the expression of courtship behaviors in estrous female mice. This technique has been used in numerous rodent studies to look at the impact of reversible silencing of neuronal populations in awake behaving animals (Krashes et al., 2011; DiBenedictis et al., 2015; Shemesh et al., 2016; Soden et al., 2016) . We injected an inhibitory DREADD bilaterally into the Me of sexually na€ ıve female mice and studied the impact of i.p. injections of clozapine-N-oxide (CNO; to inhibit neuronal activity in the Me) vs. saline on the investigation of opposite-vs. same-sex urinary odors in this cohort of mice and in non-infected females. All females were also tested after saline vs. CNO treatment over five consecutive mating tests given at 4-day intervals with a stud male to assess the impact of silencing Me neurons on the expected, progressive improvement in females' receptivity. The power of the reversible DREADD technique over traditional lesioning methodology was then exploited by asking whether females previously treated with CNO, when given saline on the sixth test, would show lordosis quotients and olfactory preference behaviors that were either lower or equivalent to those seen in females given only saline over tests 1-5. The CNO and saline treatments were then switched in a final seventh test back to the regimen given individual females over tests 1-5. Finally, the efficacy of CNO-induced inhibition of neuronal activity in DREADD-infected females was confirmed in a terminal experiment that compared Fos expression in the Me of groups of female subjects given either CNO or saline prior to being exposed to male pheromones.
Materials and methods

Subjects
Swiss Webster female (n = 42) and male mice (n = 16) (age 5-7 weeks; Charles River Laboratories, Wilmington, MA, USA) were purchased. Females were group housed (3-4 mice per cage), and males were individually housed after receiving sexual experience with an estrous female. Two cohorts of female mice were used in this study. One cohort was bilaterally injected in the Me with an adeno-associated virus containing an inhibitory DREADD (n = 24) (see below for details), and a second cohort received no DREADD infection of the Me (n = 13). Mice were maintained on a reversed 12 : 12-h light : dark cycle with food and water available ad libitum. All procedures were approved by the Boston University Charles River Campus Institutional Animal Case and Use Committee.
Surgery
The first cohort of female mice (sexually naive, age 6-7 weeks, n = 24) were anesthetized using 2% isoflurane and placed in a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA, USA). A DREADD vector construct packaged in an adeno-associated virus was injected bilaterally into the Me. This construct (AAV5/hSyn-HA-hM4Di-IRES-mCitrine, obtained from the University of North Carolina Vector Core, Chapel Hill, NC, USA) contains a modified G-protein coupled receptor (hM4Di) that, after binding to its nonendogenous ligand, CNO, activates inward-rectifying potassium channels, resulting in hyperpolarization (Armbruster et al., 2007; Ferguson et al., 2011; Stachniak et al., 2014) . Reduced excitability of neurons expressing hM4Di has been observed in whole-cell recording from slices containing infected neurons in the presence of CNO (Soden et al., 2016) . Injections were made using a 5-lL Hamilton syringe with a 30-ga needle (Hamilton Company, Reno, NV, USA) and a Quintessential Stereotaxic Injector (Stoelting, Wood Dale, IL, USA). Most mice were injected with 0.3 lL of virus per site at a rate of 0.15-0.2 lL/min using the following stereotaxic coordinates: 3.2 mm rostral to the interaural line, 2 mm lateral to the midline, and 4.9 mm below the dura (DiBenedictis et al., 2012) . These coordinates were used to infect the center of the Me with the aim of facilitating viral spread into both the anterior and posterior regions. In five of a total of 48 hemispheres (24 subjects) that received DREADD infections, the Hamilton syringe became stuck during the injection. These mice were given an additional 0.1 lL of virus to increase the likelihood of obtaining a successful DREADD infection of the Me in that subject. After each injection, the needle remained in place for 10 min before slowly being withdrawn over 60 s. The incision was closed with sutures, and mice were allowed to recover before being returned to their home cages. Subjects were given analgesic (carprofen, 5 mg/kg, s.c.) on the day of surgery and for two subsequent days. One week later, female subjects underwent bilateral ovariectomy under 2% isoflurane anesthesia and received post-operative care as described above. All behavioral experiments began 3 weeks after virus injection. As already stated, we prepared a second cohort of females that received no DREADD infections of the Me to insure that CNO treatment alone did not interfere with females' pheromone preference or their display of lordosis. These subjects simply underwent bilateral ovariectomy 2 weeks before the start of the same sequence of hormone treatments and behavioral experiments that was given to the first cohort of DREADD-infected females.
Pheromonal stimuli
Urine presented in chemosensory preference tests and in the terminal experiment (to confirm the efficacy of DREADD silencing of Me neurons in female mice) was collected from sexually na€ ıve adult male mice (n = 8) and from sexually na€ ıve, ovariectomized, hormone-primed females (n = 4). Females were brought into behavioral estrus with a s.c. injection of estradiol benzoate (EB, 0.5 lg in 0.05 mL sesame oil, Sigma-Aldrich) 2 days before, and a s.c. injection of progesterone (P, 830 lg in 0.05 mL sesame oil, SigmaAldrich) 3-6 h before urine collection (Bonthuis et al., 2011) . These females were also used to give sexual experience to the stud males used to test female subjects' lordosis; males were considered sexually experienced after two overnight pairings with an estrous female. Male and female urine was collected using a metabolic chamber. Urine from each sex was pooled and stored in 1-mL aliquots at À80°C. Soiled male bedding for use in the terminal experiment was collected from group-housed males placed in a cage with clean bedding for 4 days. Soiled bedding was pooled in plastic bags and stored at À80°C.
Behavioral tests
Behavioral testing and terminal odor exposure were carried out in both DREADD-infected and non-infected subjects under dim red light in plastic test cages (29L 9 18W 9 13H cm) with wire cage lids during the dark phase of the light : dark cycle. All tests were videotaped and coded to ensure that the investigator scoring the tests was blind to the treatment groups. Prior to each behavioral test, female subjects were given s.c. injections of EB and P as described above, and, depending on the treatment group, were injected i.p. with either CNO (1 mg/kg, Enzo Life Sciences, Farmingdale, NY, USA) or sterile saline 30 min before the start of each behavioral test. This dosage and timing of CNO administration have been used in previous studies to effectively activate DREADD receptors (Ferguson et al., 2011; Kozorovitskiy et al., 2012; Soden et al., 2016) .
Chemosensory preference tests
Sexually na€ ıve females treated with EB + P prior to each test received four preference tests for testes-intact male urine vs. estrous female urine, with tests being separated by 4 days. Twenty-four hours before each test, female subjects were isolated in the test cage. Thirty minutes prior to each session food and water were removed, and subjects were injected with either CNO or saline. Pairs of urine samples (20 lL) were then presented on pieces of filter paper taped to square plastic weigh boats placed on the cage lid approximately 7 cm apart. Treatments were counterbalanced so that half of the female mice in each cohort received saline injections on test days 1 and 3 and CNO on test days 2 and 4 while the other half of each cohort received the opposite sequence of injections. Each test day consisted of a simultaneous presentation of both urinary odors for 5 min followed by a 5-min time out period. On the same test day, subjects then received a second session when both urinary odors were again presented simultaneously for 5 min. On each test day, the two 5-min sessions used to assess females' urinary odor preferences differed such that during one session, the urinary stimuli were presented behind a fine wire mesh to prevent subjects from making direct nasal contact and in the other session urinary stimuli were presented without the wire mesh in order to allow direct nasal contact. On each test day, the order with which the urinary stimuli were presented (either with or without allowing nasal contact) and the side of the cage top where the urinary odors were placed was alternated to prevent any side bias.
Sexual behavior tests
Beginning 4 days after the completion of urinary pheromone preference tests, seven sexual behavior tests were administered once every 4 days to EB + P treated females of both the DREADD-infected and non-infected cohorts. Twenty-four hours prior to testing, stud males were placed into a test cage containing a mixture of bedding from their home cage and clean bedding, with food and water available. Thirty minutes before testing, females were injected i.p. with either saline or CNO and placed into a plastic holding cage containing clean bedding. Each female was then placed in the cage containing the stud male, and courtship behavior was observed either for 20 min, until 20 mounting attempts by the male had occurred, or until the male ejaculated. Mice were returned to their home cages at the end of each testing session. Over the first five tests, one group of female subjects in each cohort received i.p. saline injections while a second group in each cohort received i.p. CNO injections 30 min prior to each test. In test 6, the treatments were switched so that the saline group received CNO and the CNO group received saline. In test 7, the treatments were switched back again so that subjects were treated as in tests 1-5. Sexual receptivity was scored by recording the number of times the female subject showed lordosis (defined by the display of an arched back posture while braced on all four legs during each mounting attempt) (Bonthuis et al., 2011; DiBenedictis et al., 2012) and by calculating the lordosis quotient (LQ; number of lordosis responses observed divided by the number of male mount attempts multiplied by 100). The amount of time that the female spent in nasal contact with the body of the stud male (defined as physical contact with the nose on the body of the male) was also recorded. The number of times that female subjects in both cohorts crossed the midline of the cage during each sexual behavior test was also recorded to evaluate locomotor activity.
Terminal odor exposure
Terminal sessions were carried out in plastic cages containing 20 g of soiled bedding from testes-intact males plus 1 mL urine from testes-intact males sprayed onto the soiled bedding. EB and P primed females from both the DREADD-infected and the non-infected cohorts of mice were injected i.p. with either CNO or saline. To control for any effects of chronic CNO treatment during lordosis tests 1-5 on later Me Fos protein responses to male pheromonal cues, treatment groups given either i.p. injections of saline or CNO prior to the terminal odor exposure were counterbalanced. Half of the mice that had received CNO during tests 1-5 were given CNO and the other half received saline prior to the terminal odor exposure. Likewise, half of the mice that had received saline during tests 1-5 were given either CNO or saline prior to the terminal odor exposure. Thirty minutes later, female subjects were placed in the exposure cage containing soiled male bedding and urine in a darkened, odor-free fume hood for 90 min. Females were then anesthetized with sodium pentobarbital (150 mg/kg i.p.) and transcardially perfused with 0.1 M phosphate-buffered saline (PBS) followed by 4% paraformaldehyde in 0.1 M PBS. Brains were removed, post-fixed in 4% paraformaldehyde for 2 h, and then cryoprotected in 30% sucrose for 48 h. Forebrain and olfactory bulb tissues were blocked and stored at À80°C in OCT (Tissue-Tek, IN).
Histological methods
Coronal forebrain sections (30 lm thick) from female subjects in both the DREADD-infected and non-infected cohorts were cut at À20°C using a Microm cryostat (Richard Allen Scientific, Kalamazoo, MI, USA). Sets of adjacent sections were used to determine the extent of DREADD infections (all mice in cohort 1), to quantify neuron-specific nuclear protein marker (NeuN) staining in the Me (in a subset of six females from cohort 1), and to quantify neuronal Fos staining after the terminal exposure to male pheromones (all mice in both cohorts 1 and 2).
To visualize DREADD-infected Me cells, immunostaining was carried out using an anti-green fluorescent protein (GFP) antibody. This antibody also labels mCitrine, the reporter that is co-expressed with hM4Di in the viral construct used in this study (Colwill & Graslund, 2011; DiBenedictis et al., 2015) . Free-floating sections were washed in PBS (pH 7.4) and then in 0.1% Triton-X 100 in PBS (PBS-T). Sections were incubated in blocking solution (0.25% normal donkey serum in PBS-T; Jackson Immuno Research, West Grove, PA, USA) for 1 h at room temperature (RT), followed by incubation overnight at 4°C in anti-GFP primary antibody (1 : 5000; MLB International, Woburn, MA, USA). Tissues were then incubated in secondary antibody (1 : 600; Alexa Fluor 488 donkey anti-goat; Life Technologies, Carlsbad, CA, USA) and washed in PBS-T before mounting on gelatin-coated slides and coverslipping with Vectashield containing DAPI counterstain (Vector Laboratories, Burlingame, CA, USA). Images were collected on a Nikon Eclipse fluorescent microscope. The extent of DREADD infection across the entire Me was mapped bilaterally for every subject in cohort 1 onto consecutive coronal brain sections adapted from a mouse brain atlas (Paxinos & Franklin, 2008) . Females in cohort 1 with no Me DREADD infection, with a unilateral Me DREADD infection, or in which the DREADD infection spread outside of the me were excluded from the study (total n = 8).
To estimate the percentage of mCitrine-immunoreactive (IR) cells that were neurons (as opposed to glia) in that portion of the Me that was maximally infected with the DREADD construct, six females were randomly chosen from cohort 1. The number of mCitrine-IR cells in two sections 150 lm apart at the approximate center of the DREADD infection (indexed by the highest density of mCitrine-IR neurons) in the Me from each hemisphere was counted using IMAGEJ obtained from the NIH in images captured with a Nikon Eclipse fluorescent microscope. Two sections immediately adjacent to the two mCitrine-stained sections were stained for NeuN, which specifically labels neurons. Free-floating brain sections were treated with 40% methanol and 3% hydrogen peroxide in PBS for 10 min and then washed in PBS-T prior to an hour incubation in blocking serum (5% normal horse serum in PBS-T; Vector Laboratories) at RT. Sections were incubated overnight at RT in NeuN primary antibody (1 : 5000; EMD Millipore). The next day sections were washed in PBS-T and then incubated for 1.5 h in a universal secondary antibody in blocking serum (1 : 200, Vectastain Universal Quick Kit, Vector Laboratories). After PBS-T washes, sections were incubated with ABC Elite reagent (1 : 200, Vector Laboratories) for 1.5 h and washed again with PBS-T. Prior to visualization with diaminobenzidine (DAB) with nickel enhancement (Vector Laboratories), sections were incubated for 10 min with 0.05 M Tris-HCl buffer (pH 7.6). Brain sections were mounted on gelatin-coated slides and coverslipped with permount. Microscopic images were captured, and the number of Me NeuN-IR cells in the two selected brain sections from each hemisphere was counted using IMAGEJ. To estimate the percentage of DREADD-infected neurons in the relatively small portion of the Me that was maximally infected in each hemisphere, the average number of mCitrine-IR neurons from the two sections counted was divided by the average number of NeuN-IR neurons from the two adjacent sections counted and multiplied by 100. A grand mean of these values for the 12 hemispheres (six female subjects) was computed and served as an estimate of the percentage of DREADD-infected Me neurons across all of the subjects from cohort 1 that received behavioral tests (see Table 1 ).
Forebrain sections from all female subjects were immunostained for Fos protein as an index of pheromone-induced neuronal activation, and the ability of CNO treatment to block this Me Fos response was studied in DREADD-infected as well as non-infected subjects. Briefly, brain sections were washed in PBS-T and incubated in blocking solution (5% donkey serum in PBS-T) for 1 h at RT. Sections were then incubated overnight at RT in rabbit anti-Fos primary antibody (1 : 1000, Santa Cruz Biotechnology, Santa Cruz, CA, USA). Sections were washed the following day with PBS-T and then incubated for 1.5 h in biotinylated donkey anti-rabbit secondary antibody (1 : 1000, Jackson ImmunoResearch Laboratories). After PBS-T washes, sections were incubated with ABC Elite reagent and DAB as described above for NeuN staining. Brain sections were mounted on gelatin-coated slides and coverslipped with Permount. Slides were coded so that the experimenter was blind to the treatment group during analysis. Light microscope images were captured with an Olympus (BH2) microscope equipped with a Zeiss AxioCam ERc5s digital camera. To quantify Fos expression in cohort 1, the number of Fos-IR cells was counted using IMAGEJ in two anatomically matched sections that included the portion of the Me with the largest DREADD infection. In cohort 2 (where females did not receive bilateral DREADD infections of the Me), the number of Fos-IR cells was quantified by randomly pairing females in cohort 2 with females in cohort 1 and counting Fos-IR neurons in two forebrain sections covering approximately the same region of the Me as was counted for each female in cohort 1. After confirmation of infections in females with bilateral DREADD infections, an analysis of Fos-IR expressing cells was also made in the counterbalanced treatment groups treated with either i.p. injections of saline or CNO prior to the terminal odor exposure to control for any effect of the chronic CNO treatment over tests 1-5. After discarding females without bilateral Me infections, eight females with DREADD infections remained that were treated with CNO prior to the terminal exposure (n = 4 treated with CNO in sexual behavior tests 1-5; n = 4 treated with saline in tests 1-5) while eight females were treated with saline (n = 5 treated with CNO in tests 1-5; n = 3 treated with saline in tests 1-5). Among the non-infected group, seven females were treated with CNO prior to the terminal odor exposure (n = 4 treated with CNO in tests 1-5; n = 3 treated with saline in tests 1-5) while six females were treated with saline prior to the terminal odor exposure (n = 3 treated with CNO in tests 1-5; n = 3 treated with saline in tests 1-5). Mean numbers of Fos-IR cells per standard counting area (300 lm 2 ) were calculated for each animal.
Statistical analysis
For the chemosensory preference tests, a difference score was computed as the time that female subjects spent investigating male urine minus the time spent investigating female urine. Within test days 1 and 2, data from the sessions during which subjects were treated with saline were averaged together, and data from the sessions during which subjects were treated with CNO were also averaged together. The same was performed over test days 3 and 4. The total time that subjects spent investigating both urinary odors was also determined after either CNO or saline treatments given over test days 1 and 2 and again over test days 3 and 4. The difference scores were analyzed using paired two-tailed t-tests to determine whether females preferred to investigate male over female urine. LQ and close nasal investigation times from the first five mating tests during which the drug treatments were kept constant for the two groups of female subjects in both DREADD-infected and non-infected cohorts were analyzed using two-way repeated measures ANOVAs, with treatment (Saline vs. CNO) and test day (1-5) as factors. Student Newman-Keuls post hoc tests were used to compare pairs of mean values. Then, data from test 5 were compared to test 6 (where the treatment was switched), and test 6 was compared to test 7 (where the treatment was switched back to the original) among DREADDinfected females using paired two-tailed t-tests within treatment groups. Two-tailed t-tests for independent groups were used to compare LQ values between CNO-treated females (tests 1-5) when they received saline on test 6 and saline-treated females (tests 1-5) when they received saline on test 5. The same t-tests were also used to compare LQs on test 5 in females given CNO over tests 1-5 and in other females that received saline over tests 1-5 when they received CNO on test 6. Paired two-tailed t-tests were used to compare females' close investigation of the stud male between tests 5 and 6 and again between tests 6 and 7. Finally, odor-induced Fos expression after exposure to male urinary odors after either saline or CNO injection was analyzed using two-tailed t-tests for both DREADD infected and non-infected groups. Two-tailed t-tests were also used to compare odor-induced Fos expression within the DREADD infected group between females treated with CNO in the terminal odor exposure that previously received either CNO or saline during sexual behavior tests 1-5 and between those females treated with saline in the terminal odor exposure that had previously received either CNO or saline during sexual behavior tests 1-5. All statistical analyses were carried out using SigmaPlot11 software.
Results
Chemosensory preference tests
In estrous female mice previously given bilateral Me DREADD infections, treatment with CNO decreased the preference to investigate testes-intact male urinary odors compared to estrous female urinary odors when nasal contact with the stimuli was allowed (Fig. 1A) , but not when no nasal contact (non-contact; volatiles only) was allowed (Fig. 1B) . The preference to investigate male over female urinary odors when nasal contact was allowed decreased significantly on test days 1 and 2 (t 15 = 2.337, P = 0.03) and again on test days 3 and 4 (t 15 = 3.732, P = 0.002) when mice were treated with saline vs. CNO. Control females that lacked Me DREADD infections showed no change in their preference for male vs. female urinary stimuli when treated with saline vs. CNO, regardless of whether or not nasal contact with the stimuli was allowed ( Fig. 1C and D) . The total time that females spent investigating male plus female urinary odor stimuli was not different between CNO and saline treatments in estrous females that either had ( Fig. 2A and B ) or had not ( Fig. 2C and D) previously received DREADD infections of the Me. This was true regardless of whether or not nasal contact with the urinary stimuli was allowed.
Sexual behavior tests
Among DREADD-infected estrous females, CNO-induced silencing of Me neurons across tests 1-5 attenuated the progressive increase in lordosis quotients otherwise observed in saline-injected females after repeated testing with a stud male (Fig 3A) . Overall there was a significant effect of drug treatment (F 1,56 = 19.264, P < 0.001), with post hoc tests showing a significant decrease in LQ in subjects treated with CNO compared to saline in tests 2, 3, and 5. There was also an overall significant effect of test day (F 4,56 = 9.039, P < 0.001), with post hoc analysis showing a significant increase in LQ in tests 2-5 compared to test 1 in saline-treated females. In CNO-treated females, post hoc analysis showed there was only a significant increase in LQ in test 4 compared to test 1. Among estrous females that were not infected bilaterally with DREADD, a progressive increase in LQ was seen across tests 1-5, regardless of whether they were treated with saline or CNO (Fig. 3B ). An ANOVA showed a significant effect of test day (F 1,44 = 7.092, P < 0.001), with post hoc analyses showing a significant increase in LQ in tests 2-5 compared to test 1 in both saline and CNO treated females. In both DREADD-infected and non-infected cohorts, there were no significant differences between saline-and CNO-treated females in the total number of mounts received, in the latency to the first mount, or in the total number of cage crosses across tests 1-5 (data not shown).
After five consecutive mating tests, all female subjects received one sexual behavior test with drug treatments reversed (test 6) and then one additional test (test 7) while receiving the original treatment that was given in tests 1-5. In sexually experienced animals that either did or did not receive Me infections of DREADD, there was no significant impact on LQs of switching treatments between tests 5 and 6 or between tests 6 and 7 (Fig. 3A and B) .
Additionally, for both DREADD-infected and non-infected females, there were no differences in the latency to the first mount and in the total number of mounts received from stud males when tests 5 and 6 results or when tests 6 and 7 results were compared (data not shown).
To determine whether prior attenuation of Me activity among DREADD-infected females during repeated testing with a stud male (tests 1-5) lowered LQs when the inhibition was later removed, the LQ of females treated previously with CNO during mating tests and then treated with saline in test 6 (thereby removing the inhibition of Me neurons) was compared to the high mean LQ expressed on test 5 in females treated with saline over tests 1-5. A two-tailed t-test showed that there was no difference in LQ between groups during these tests (t 14 = 1.868, P = 0.08). This result suggests that repeated blocking of Me function did not eliminate the accumulated effect of repeated ovarian hormone priming plus testing with a stud male on the later expression of lordosis. Finally, among DREADD-infected females, LQs were significantly higher in the subgroup given saline over tests 1-5 when they received CNO on test 6 than in the subgroup given CNO over tests 1-5 when they received CNO in test 5 (t 14 = 3.059, P = 0.01; two-tailed). This result implies that CNOinduced blockade of Me activity in sexually experienced females given saline chronically failed to attenuate LQs to the extent seen in other females given CNO chronically.
The total amount of time that DREADD-infected, estrous females spent investigating the body of the stud male was not affected by CNO-induced silencing of Me neurons across mating tests 1-5 (Fig. 4A) . There was no effect of treatment on close nasal investigation of the stud male, but there was a significant effect of test day (F 4,56 = 23.458, P < 0.001) with post hoc analysis showing that both treatment groups spent significantly more time investigating the body of the stud male in test 1 compared to tests 2-5. A similar result was observed in non-infected females with no effect of treatment but with a significant effect of test day (F 1,44 = 32.775, P < 0.001; Fig. 4B ). Close nasal investigation of the stud male was significantly higher in non-infected females treated with either saline or CNO in test 1 compared to tests 2-5 according to post hoc analysis.
Among DREADD-infected females, the subgroup originally treated with CNO over tests 1-5 significantly increased their investigation of the male when treated with saline in test 6 (t 8 = 2.458, P = 0.04). There was also a trend toward a decrease in investigation in test 7 when subjects were again treated with CNO (t 8 = 2.169, P = 0.06). Conversely, in females treated with saline over tests 1-5, there was no change in investigation of the male when the treatment was switched to CNO (test 6) or when treatment was switched back to saline (test 7) (Fig. 4A) . In females without DREADD infections, there was no effect of switching treatments on investigation of the male (Fig. 4B) . Fig. 1 . The effect of clozapine-N-oxide (CNO)-induced medial amygdala silencing on the preference of ovariectomized, estradiol, and progesterone primed female mice to investigate urinary cues from testes-intact male vs. estrous female mice. Data are shown for estrous females with bilateral DREADD infections of the medial amygdala (A and B) and for non-infected subjects (C and D). Females' preference to investigate urinary chemosignals is represented as difference scores (male -female urine investigation time in seconds) in test sessions conducted on four separate days. On each test day, female subjects received two 5-min sessions: one in which they were allowed to make nasal contact with the urinary stimuli (top panels), and another in which nasal contact was prevented (non-contact, volatiles only; bottom panels). Either the DREADD activating drug, CNO, or saline was administered intraperitoneally 30 min prior to each behavioral test. The average difference score data are expressed as the mean AE SEM, while the circles represent the individual difference scores for each mouse. *P < 0.05 for treatment comparisons between sessions on test days 1 and 2 and between sessions on test days 3 and 4. The number of subjects in each group is shown in parentheses.
Localization of DREADD infections and estimation of neuronal infection rates
DREADD injections were made using stereotaxic coordinates that aimed to infect the center of the Me, based on coordinates used in a previous study (DiBenedictis et al., 2012) from our laboratory. Most bilateral DREADD infections were centered at the border of the anterior and posterior subdivisions of the Me, with mCitrine-infected neurons being seen across the anterior-posterior extent of the Me (Fig. 5A) . Thus, DREADD infections were not confined to just the anterior or the posterior subdivision of the Me. Based on our analysis of mCitrine and NeuN immunostaining in the Me of six female subjects (2 hemispheres/subject), we estimate that approximately 20% of neurons in the regions of the Me with high levels of mCitrine-IR cells at the center of the DREADD injections were infected with the inhibitory DREADD, hM4Di ( Fig. 5B-E ; Table 1 ).
Effect of CNO on Fos induction by male pheromones in the Me of estrous females
To confirm the ability of DREADD infections of the Me to decrease the activity of infected neurons in the presence of CNO, all female subjects were exposed while in estrus to soiled male bedding plus male urine (a potent source of male pheromones) in a terminal experiment. The number of Fos-IR cells in the Me was decreased in response to male pheromones in DREADD-infected females treated with CNO as opposed to saline prior to being killed (Fig. 6A-D) . This CNO-induced reduction in pheromone-induced Fos expression in the Me of DREADD-infected females was statistically significant (t 14 = 3.42, P = 0.004; Fig. 6E ). No significant differences in Me Fos expression were observed in non-infected females between subgroups treated with saline vs. CNO prior to exposure to soiled male bedding (t 11 = 0.87, P = 0.40; Fig. 6F ). In the DREADD-infected group, there was no significant difference in male pheromoneinduced Fos expression in the Me between females given CNO vs. saline over tests 1-5 and later treated with CNO prior to the terminal odor exposure. There was also no significant difference in Fos expression between females given CNO vs. saline over testes 1-5 and then later treated with saline prior to exposure to male odors in the terminal experiment (data not shown).
Discussion
Sexually na€ ıve estrous female mice initially show a surprisingly low level of lordosis when first paired with a stud male, but become progressively more receptive with repeated testing (Thompson & Edwards, 1971; Laroche et al., 2009a,b; Bonthuis et al., 2011; Ismail et al., 2011; McCarthy et al., 2017) . Our results show that the progressive improvement in LQs normally observed after repeated testing with a stud male was significantly attenuated by CNO-induced bilateral silencing of neurons in the Me. While DREADD-infected estrous females treated with either saline or CNO had low LQs on test 1, females treated with saline showed an increase in LQ immediately in test 2 and continued to show progressively higher levels of receptivity in tests 3-5. With CNO treatment, Fig. 2 . The effect of clozapine-N-oxide (CNO)-induced medial amygdala silencing on the total amount of time that ovariectomized, estradiol, and progesterone primed female mice spent investigating urinary cues from either testes-intact male or estrous female mice. Data are shown for estrous females with bilateral DREADD infections of the medial amygdala (A and B) and for non-infected subjects (C and D). Results are presented as total investigation time (male + female urine investigation times in seconds) when female subjects either were allowed to make nasal contact with the urinary stimuli (top panels) or were prevented from making nasal contact with these stimuli (non-contact, volatiles only; bottom panels). Either the DREADD activating drug, CNO, or saline was administered intraperitoneally 30 min prior to each behavioral test. The average difference scores are expressed as the mean AE SEM, while the circles represent the individual difference scores for each mouse. The number of subjects in each group is shown in parentheses.
however, it was not until test 4 that DREADD-infected estrous females showed a significant increase in LQ over baseline. DREADD-mediated blockade of Me firing likely prevents the integration of pheromonal input to the forebrain, thereby altering the information being sent to downstream targets of the Me including the VHMvl, which plays a critical role in the hormonal control of female reproductive behavior (Kevetter & Winans, 1981; Choi et al., 2005; Pardo-Bellver et al., 2012) . The Me also sends centrifugal inputs back to the AOB (Fan & Luo, 2009; Martel & Baum, 2009b) . The role of these centrifugal inputs in the regulation of female mouse mating behavior is unknown; however, it is possible that DREADD-induced silencing of the Me alters feedback to the AOB needed for the full expression of receptivity. Our current results also are consistent with those of previous studies in which permanent surgical disruption of VNO or AOB (Keller et al., 2006; Martel & Baum, 2009a) as well as Me (DiBenedictis et al., 2012) signaling in sexually na€ ıve estrous female mice impaired receptivity.
Whereas CNO-induced inhibition of Me function significantly attenuated the expression of lordosis over the relatively short period that the drug was active, repeated blocking of Me function did not eliminate the accumulated effect of repeated ovarian hormone priming plus testing with a stud male on the later expression of lordosis. Thus, when females given CNO repeatedly over mating tests 1-5 were instead given saline on test 6, their LQs were as high as those shown in test 5 of females given saline on tests 1-5. This outcome contrasts with the results of an early study (Thompson & Edwards, 1971) in which repeated priming of ovariectomized female mice with EB and P, in the absence of testing with a stud male, failed to facilitate the rate of improvement in females' receptivity seen in subsequent tests given with hormone priming and the receipt of mounts from a male. Thus, the combined effect of hormone priming plus exposure to some complement of sensory input from a mounting male is required for the progressive improvement in lordosis responsiveness with repeated testing. It is possible that in the present study, too few Me neurons were infected with DREADD to allow their silencing by CNO treatment to effectively block the accumulation of information needed to augment females' later lordosis behavior. We estimate that approximately 20% of neurons in Me regions at the site of the viral injections were infected with DREADD. Additional studies are needed to determine whether silencing of a greater percentage of Me neurons would eliminate the ability of repeated hormone priming plus the receipt of male mounts to augment later lordotic responsiveness.
After displaying a progressive increase in LQs over tests 1-5 while receiving saline injections, DREADD-infected females showed only a non-significant trend toward a reduction in LQ when given CNO in test 6 and still showed significantly higher LQs compared with the fifth test of DREADD-infected females treated with CNO over tests 1-5. At this point in the experiment, females were highly sexually experienced, and the integration of male chemosensory inputs to the Me may no longer have been as critical to females' Fig. 3 . The effect of clozapine-N-oxide (CNO)-induced medial amygdala silencing on sexual receptivity in ovariectomized, estradiol, and progesterone primed female mice. Sexual receptivity was measured by determining the lordosis quotient (total number of lordosis events/total number of mounts 9 100; LQ) in bilaterally DREADD-infected (A) and non-infected (B) subjects that received mounts from a stud male. All data are expressed as the mean AE SEM.
# P < 0.05 between test 1 and tests 2-5 tests in estrous females given the DREADD activating drug, CNO, over tests 1-5, + P < 0.05 between test 1 and tests 2-5 in estrous females given saline over tests 1-5, *P < 0.05 between treatment groups comparisons. The number females treated with CNO vs. saline is shown in parentheses. Prior to test 6 (shaded column), the intraperitoneal injections of either saline or CNO were switched from the treatment that had prevailed previously over tests 1-5. Then, prior to test 7, estrous females again received the same treatments (CNO or saline) that had been administered over tests 1-5. Fig. 4 . The effect of clozapine-N-oxide (CNO)-induced medial amygdala silencing on close nasal investigation of a stud male by ovariectomized, estradiol, and progesterone primed female mice across consecutive mating tests. The total time in seconds spent investigating the male was determined for bilaterally DREADD-infected female subjects (A) and for non-infected females (B). All data are expressed as the mean AE SEM. The number of subjects given saline or CNO is shown in parentheses.
# P < 0.05 between test 1 and tests 2-5 tests in estrous females given the DREADD activating drug, CNO, over tests 1-5, + P < 0.05 between test 1 and tests 2-5 in estrous females given saline over tests 1-5, *P < 0.05 between tests 5 and 6 when estrous females given CNO over tests 1-5 was switched to saline in test 6. lordotic responsiveness as it was during earlier tests. Indeed, in our previous study using sexually na€ ıve female mice (DiBenedictis et al., 2012) , bilateral lesions of the Me significantly attenuated the expression of lordosis. By contrast, studies using sexually experienced rats found that ibotenic acid lesions (Guarraci et al., 2004) of the Me did not disrupt the expression of paced mating behaviors, including lordosis. This previous study using rats corroborates the current finding that disrupting Me activity had little or no effect on receptivity in sexually experienced estrous female mice. Our results contrast, however, with the results of our recent study showing that acute optogenetic inhibition of activity in AOB mitral cell projections to the Me significantly reduced LQs in sexually experienced estrous female mice (McCarthy et al., 2017) .
CNO-induced silencing of Me neurons decreased the preference of DREADD-infected estrous female mice to investigate oppositesex urinary odors provided nasal contact with the stimulus was allowed. Likewise, surgical removal of the VNO as well as electrolytic lesions of the AOB, two structures that are upstream of the Me in the AOS, decreased the preference of estrous female mice to investigate opposite sex non-volatile urinary odors (Keller et al., 2006; Martel & Baum, 2009a) . Finally, lesions that included the anterior and posterior regions of the Me reduced the preference of estrous female mice to investigate the non-volatile components of urine from testes-intact as opposed to castrated male urine (DiBenedictis et al., 2012) . In contrast to previous lesion studies, the use of inhibitory DREADDs in our experiment allowed us to examine the effect of acute, reversible silencing of neurons in the Me on pheromone preference in the same female subjects. The preference for non-volatile male urinary cues was disrupted when DREADDinfected subjects were treated with CNO, whereas the same subjects showed a strong preference to investigate male urine 4 days later when treated with saline. These results point to a critical role of continuous Me signaling in controlling estrous females' preference for non-volatile male pheromones including the major urinary protein, darcin (Roberts et al., 2010 (Roberts et al., , 2012 . Neurons in the Me send projections to the medial olfactory tubercle (mOT) (DiBenedictis et al., 2014) , a structure in the ventral forebrain that is associated with reward (Wesson & Wilson, 2011) . DREADD-induced silencing of neurons in the mOT blocked the preference of estrous female mice to investigate non-volatile urinary odors from testes-intact males vs. females (DiBenedictis et al., 2015) . Inputs from the Me to the mOT apparently play a critical role in motivating female mice to seek out opposite-sex chemosignals.
CNO-induced silencing of the Me in DREADD-infected females did not reduce their preference to investigate volatile male as opposed to female urinary cues. This is in contrast to previous studies in which electrolytic lesions of the Me in ovariectomized, hormone-primed female mice (DiBenedictis et al., 2012) and rats (Kondo & Sakuma, 2005) reduced subjects' preference to investigate volatile male urinary odors. Both of those studies compared the preference of estrous females to investigate urinary volatiles from testes-intact vs. castrated males. The discrepancy between these latter findings and our present results could reflect differences in the urinary stimuli presented. We compared females' preference for urinary volatiles from testes-intact male mice vs. estrous females, which provided more information about the role of the AOB-Me circuitry in the control of sexual recognition. Previous studies also reported that the preference to investigate urinary volatiles of male vs. estrous females was not reduced in female mice after surgical removal of the VNO (Keller et al., 2006; Martel & Baum, 2009a) . The results of these latter studies along with those of the current experiment also contrast with our previous report (DiBenedictis et al., 2015) that DREADD-induced silencing of the mOT blocked the preference of estrous females to seek out both volatile and nonvolatile urinary chemosignals from testes-intact males vs. estrous females. Presumably, volatile male pheromonal signals processed via the MOS lost their incentive value after silencing of the mOT. Apparently the particular group of Me neurons that was silenced by CNO in the current study played no role in mediating the rewarding effects of volatile male chemosignals. In DREADD-infected females that received either saline or CNO, investigation of the stud male was high in test 1, whereas this interest waned over the next four tests. Switching the treatment from CNO to saline in DREADD-infected females on test 6 caused a significant increase in close nasal investigation of the male. Perhaps removal of the CNO-induced inhibition of Me neurons altered the pattern of neuronal firing in the Me such that a population of neurons that was silent during all previous sexual behavior tests was now activated by male odor cues. The Me is thought to classify social olfactory cues in the rodent brain (Samuelsen & Meredith, 2009 ) and changing the pattern of neuronal activity in this region could have resulted in a novel or altered sensory experience for the females-one not previously associated with a stud male, thereby motivating females to investigate what became a novel stimulus. Subsequently, switching the treatment from saline back to CNO on test 7 tended to reduce females' investigation of the male, presumably because the drug treatment inhibited activity in Me neurons that otherwise mediate females' motivation to investigate the male.
Treatment of DREADD-infected females with CNO before terminal exposure to soiled male bedding plus male urine significantly decreased the number of Me neurons that expressed Fos protein.
Numerous studies have shown that exposure to male pheromones increased Fos induction in Me neurons of female mice (Halem et al., 2001; Martel & Baum, 2009b; Haga et al., 2010) . Decreased Fos expression after treatment with CNO has also been used in previous studies to confirm CNO-induced silencing of DREADDinfected neurons in different brain regions (Ferguson et al., 2011; Sasaki et al., 2011; DiBenedictis et al., 2015) . Among DREADDinfected females, there was no difference in male pheromoneinduced Fos expression in the Me between females given CNO vs. saline over tests 1-5 followed by CNO prior to the terminal odor exposure. There was also no difference in Fos expression between females given CNO vs. saline over testes 1-5 followed by saline prior to the terminal odor exposure. These results indicate that repeated CNO exposure prior to the terminal odor exposure did not compromise the ability of neurons in the DREADD-infected Me to respond to pheromonal cues. Our present results confirm that the CNO dosage used and number of bilaterally DREADD-infected Me neurons achieved were likely sufficient to significantly reduce neuronal activity in the Me during behavioral testing and during the terminal pheromone exposure.
One criticism of the chemogenetic technique is that systemic treatment with the synthetic receptor ligand, CNO, could disrupt the expression of behaviors independent of any DREADD infection of neurons. For example, CNO treatment alone in the absence of neural DREADD infections in rats decreased the acoustic startle reflex as well as amphetamine-induced locomotion (MacLaren et al., 2016) . These findings highlight the importance of testing non-infected control subjects that receive the same dose of CNO vs. saline during the same behavioral tests as DREADD-infected subjects. In the current experiment, both DREADD-infected and non-infected females were given the identical CNO as well as saline treatments prior to . Quantification of the number of Fos-IR neurons per standard Me counting area is given for DREADD-infected (E) and non-infected (F) estrous females that were given CNO or saline injections and then exposed to male soiled bedding prior to being killed. Results are expressed as the group means AE SEM, while the circles represent the number of Fos + cells for each mouse. *P < 0.05 between treatment groups. The number of females in the four treatment groups is given in parentheses.
all behavioral tests and the terminal odor exposure. Among noninfected females, CNO treatment did not alter chemosensory preference, lordosis responses to male mounts, close nasal investigation of the male, or the total number of cage crosses during sexual behavior tests. Additionally, there were no observed effects of CNO treatment on the total time that estrous female subjects (either with or without Me DREADD infections) spent investigating chemosensory stimuli. Finally, whereas treatment with CNO reduced Me Fos expression in DREADD-infected females after exposure to male pheromones, no significant effect of CNO on pheromone-induced Me Fos expression was observed in non-infected female subjects. These findings strongly suggest that CNO-induced silencing of DREADD-infected Me neurons, as opposed to non-specific off-target effects of the drug, was responsible for the observed changes in females' pheromone preferences and receptive sexual behavior.
In conclusion, our results point to an ongoing role of the Me both in the expression of lordosis behavior by estrous females in response to male mounts and in females' preference to seek out male urinary pheromones. In contrast, the same DREADD-infected females in which repeated CNO treatment attenuated lordosis responsiveness, when switched to saline, showed LQs that were as high as those in other estrous females given saline repeatedly in tests with a male. Further research is needed to identify the brain circuits and/or mechanisms whereby repeated hormone priming plus exposure to a male augments females' later lordotic responsiveness. Such work would extend published work (Bonthuis et al., 2011) suggesting that epigenetic upregulation of the neural expression of estradiol receptors contributes to the mating-induced progressive improvement in females' lordosis capacity. Future studies should also look at the role of Me neuronal phenotype in females' pheromone preference and in the control of lordosis behavior by specifically targeting inhibitory DREADDs to excitatory vs. inhibitory neurons as well as to the subsets of Me neurons expressing estradiol and/or progesterone receptors (Moffatt et al., 1998; Maras & Petrulis, 2010) .
